Resting cell suspensions and cell-free extracts of Pseudomonas putida IF-3 were tested to assess their ability to degrade caffeine, and to determine their capacity to retain activity at different temperatures. A method to quantify cell lysis using optical density was developed in order to allow the comparison of cell free extract and resting cell caffeine degradation rates on the same basis. Caffeine degradation rates for cell free extracts were found to be 2.4 mol g cells −1 min −1 ; this rate is 55 times faster than previously reported P. putida data. Resting cells degraded caffeine 12 times faster than cell free extracts, at 22
Introduction
The worldwide coffee market is estimated at 70 billion dollars per annum [1] . In the United States, decaffeinated coffee accounts for more than 12% of the coffee market [2] . Currently, almost all of the commercial decaffeination methods use solvents to remove caffeine from whole green coffee beans, prior to roasting. Extraction agents include methyl chloride, ethylene acetate, supercritical CO 2 , and hot water. Up to now, a process that targets freshly brewed coffee for decaffeination has not been commercialized, although there are many incentives for such an approach. For example, current decaffeination methods require dedicated facilities for decaffeination, which could be eliminated by targeting brewed coffee. A cup-by-cup decaffeination method would increase the variety accessible to the consumer, making all types of coffee available with or without caffeine. Such a process could turn decaffeination into a domestic operation, virtually eliminating the need to buy decaffeinated coffee beans.
A decaffeination method that targets hot beverages should be highly selective for caffeine, in order to reduce caffeine content without affecting flavor. To this end, processes involving the use of enzymes are attractive, with both bacterial and fungal sources having been studied [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Of interest is the bacterium Pseu- * Corresponding author.
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domonas putida [6, 13, 14] as a number of researchers have shown that selective caffeine removal by this organism is possible in aqueous solutions [3, 5, 15] . Caffeine degradation by P. putida has been proposed to start via three successive demethylation steps, followed by oxidation of xanthine to uric acid [12] . These steps are known to require oxygen and NADH as cofactors [3] .
A number of factors must be considered in developing a decaffeination method applicable to brewed coffee. Amongst them, temperature is a key factor if a biological method to decaffeinate hot beverages is to be developed. However, from the studies reported to date, it is difficult to assess the potential application of biological enzymes to single cup decaffeination as the effect of temperature on resting cells and cell free extract to caffeine degradation rates has not been reported. This paper investigates the effect of temperature on caffeine degradation rates by resting cells and cell free extracts of P. putida IF-3 in buffered aqueous solutions.
Materials and methods

Culture and culture conditions
The strain of P. putida used in this study was P. putida IF-3 [16] . The bacterium was stored at −70 • C (Revco Model ULT1386) in 1.5 mL mini-centrifuge vials, containing a 1:1 (v/v) mixture of growth medium and 40% glycerol. The microorganisms were grown in shake flasks holding 150 mL of aqueous A volume of 100 mL of liquid culture harvested from a 3-day old shake flask culture was proportioned into four centrifuge tubes, and centrifuged at 12,500 × g for 15 min at 4 • C. The supernatant was discarded, and the pellets were washed twice with caffeine-free medium, and resuspended in 4 mL of TRIS (99.8%, Bio-Rad Laboratories) buffer adjusted to pH 7.5 with 3N HCl. The four portions were then recombined, and the resulting 16 mL were used immediately for either resting cell experiments or for cell lysis.
Cell free extract preparation
To produce cell free extract a 16 mL aliquot of fresh resting cell suspension, obtained as described above was lysed by shear [17] using the Bioneb Cell Disruption system (Glas-Col Inc.). Exposure to the high shear conditions was carried out for 20 min. The suspension was recirculated within the device with the aid of nitrogen available at a supply pressure of 8 bar. The gas flow rate was maintained at 20 mL/min.
After the lysis step, the lysis products were separated by either filtration or centrifugation. For filtered cell free extracts, sterile, 0.2 m syringe filters were used (Corning Inc., 26 mm, SFCA membrane). The filtrate was then used immediately for the caffeine degradation assays. Centrifuged cell free extracts were prepared by subjecting the lysed cell suspensions to a gravitational field of 18,000 × g for 60 min at 4 • C. The pellet was discarded, while the supernatant was used immediately for the caffeine degradation assays.
Analytical procedures
NADH
The concentration of NADH was measured by absorbance at 340 nm using a double-beam, UV-vis spectrophotometer (Varian Inc., Model Bio 100 UV). The oxidized form of this molecule does not absorb at this wavelength [18] .
Caffeine
Caffeine was measured by high performance liquid chromatography (HPLC) (Agilent Technologies Inc., 1100 series). The mobile phase was prepared by mixing 80 parts of a 1% aqueous acetic acid solution with 20 parts of methanol (v/v). The flowrate of the mobile phase was maintained at 1 mL/min [3] . The internal standard was 8-chlorotheophylline (98%, Sigma-Aldrich) as suggested in the literature [19] . Separation was achieved using a 4.6 mm × 250 mm, C-18 column with 5 m packing (Zorbax, model Eclipse XDB-C18). The effluent was monitored with a variable wavelength UV detector set at 273 nm. Caffeine is known to absorb at this wavelength.
Protein
Protein content in cell free extracts was determined using a modification of the Lowry et al. [20] assay [21] with bovine serum albumin as a standard. The proteins present in cell free extracts were separated by size using SDS-PAGE. Gels of 0.75 mm were run on a discontinuous buffer system as described by Laemmli [22] . The gel formulation and sample preparation followed the procedure described by Sambrook et al. [23] .
Caffeine degradation rates
A 25 mL volume of a Tris buffer (pH 7.5), containing 0.15 mM NADH, and 0.45 mM caffeine was placed in a constant temperature water bath maintained at a temperature of 22, 33, 42 or 50 • C. Air was then bubbled through the solution for 20 min in order to assure saturation with oxygen, which is required for caffeine demethylation to take place. A 2 mL volume of the oxygen-saturated solution was transferred to a 4.5 mL, propylene disposable cuvette. The cuvette was then placed either in the water bath (resting cell suspensions) or inside a temperature controlled spectrophotometer (cell free extract experiments). After 1 min had elapsed, a 1 mL volume of either resting cell suspension or of cell free extract was added.
Using cell free extracts it was observed that no caffeine degradation occurred once NADH was completely depleted (data not shown). This indicated that other processes utilizing NADH were still active in the absence of caffeine. Because of this fact, using NADH consumption to infer caffeine removal generates a conservative estimate of the time required to completely degrade caffeine. The methodology was implemented due to its simplicity and the lack of another practical method for acquiring the desired transient data. Caffeine degradation rates obtained using this estimate of the reaction time therefore represent conservatively low values of the true kinetics.
For resting cell suspensions the caffeine degradation reaction was stopped after 2 min by filtering through a sterile, 0.2 m filter (Corning Inc., 26 mm, SFCA membrane). The filtrate was kept at 4 • C until analyzed for caffeine. The caffeine degradation rates were then calculated by dividing the change in caffeine concentration by the time it took to obtain the filtrate. Rates were then normalized by dry cell concentration.
Oxygen uptake
The amount of oxygen consumed during the degradation of caffeine and theobromine by whole cells was assessed using a simple procedure. Cells were grown in batch culture as describe above. A volume of 20 mL of cells was harvested and washed three times with caffeine-free medium. The pellet was collected by centrifugation at 10,000 × g, and diluted in 10 mL of Tris buffer (pH 6.9) that had first been saturated with oxygen by bubbling with air. A 1 mL volume of a 0.1 g/L solution of either caffeine or theobromine was then added to the mixture. After calibrating in a Tris buffer solution that had been saturated with oxygen, a dissolved oxygen probe (Ingold IL-531) was immersed into the solution, and the transient dissolved oxygen profile was recorded.
Enzyme stability
Caffeine degradation rates of resting cells and cell free extracts were monitored for 1 h at constant temperature (22 and 50 • C). Assays were performed at three time points throughout the 1 h period (0, 15 and 60 min).
Results and discussion
Initially oxygen consumption during the degradation of caffeine and theobromine by resting cells of P. putida IF-3 was studied. Following this, the caffeine degradation rates of cell free extracts and resting cells of were measured at different temperatures. Finally, the stability of the enzymes responsible for caffeine demethylation was measured in both cell free extracts and resting cells.
To study the amount of oxygen consumed during the degradation of caffeine and theobromine, resting cells of P. putida IF-3 were subjected to a limiting amount of carbon source, and the amount of oxygen consumed was followed using a dissolved oxygen probe. Once the carbon source had been assimilated, the rate of oxygen consumption decreased to zero (Fig. 1) . The total amount of oxygen consumed was plotted against the amount of carbon source added. The data follow a linear trend (Fig. 2) . The slope of this line provides an estimate of the molar yield of the biological reactions. For theobromine, a yield of 3 mol O 2 /mol theobromine was measured (Fig. 2) , while for caffeine the yield was 4 mol O 2 /mol caffeine (data not shown). These results corroborate the stoichiometry for the biological reactions proposed in the literature [3, 12, 15] . Moreover, the data confirm that the oxidation of the carbon source is the only active biological process requiring oxygen.
The oxygen consumption experiments indicated the stoichiometry of caffeine degradation with respect to oxygen; however, in order to compare the kinetics of cell free extract and resting cell caffeine degradation a different approach had to be developed. The first step in this new approach was to find a basis to compare cell free extracts and resting cells. It was hypothesized that dry cell weight could be used, provided a measure of lysis efficiency could be found. Light scattering is often used to estimate cell density [24] . The calibration factor relating turbity to cell concentration is a function of the size and shape of the cells. As a result, the calibration factor is expected to change as the cells are lysed. In principle the extent of lysis can be followed by measuring the change in absorbance as the process proceeds. A similar approach has been applied to the chemical lysis of bacteria by lysozyme [25] . To test this approach for the shearing method used in this study, samples were taken at regular intervals during the lysis of a cell suspension, over a period of 25 min. Samples were diluted 10-fold with buffer and the turbity was measured at 600 nm (Fig. 3) .
After 15 min the absorbance remained relatively constant suggesting that further exposure to shear did not result in additional lysis (Fig. 3) . Based on this result, all cell suspensions were lysed for 20 min to ensure maximum cell disruption. Since sample volumes were always kept constant, maintaining a constant processing time was equivalent to ensuring a fixed number of solution turnovers through the high shear region of the nebulizer.
Although the absorbance curves tended to flatten out after 15 min, the curves converged to different final absorbance readings (Fig. 3) , indicating that lysis was more efficient in some preparations than in others: higher leveling points coincided with slower initial rates of lysis.
To assign a rate constant to the lysis process a kinetic expression was required. From Fig. 4 it is apparent that the process can be approximated as first order, with the rate constant proportional to the slope. Since the number of turnovers is fixed, higher rate constants are associated with higher lysis efficiencies.
After calculating rate constants for more than 90 lysis preparations it was found that the rate constant approached 0.15 min −1 , as a maximum. This value was arbitrarily assigned a lysis efficiency of 100%. The rate constant (k) for each preparation could then be converted into a lysis efficiency (η).
Determination of the lysis efficiency facilitated comparison of the caffeine degradation rates from resting cell and cell free extract experiments. Through the lysis efficiency an estimate of the fraction of cells that remained intact (1 − η) could be calculated. Decaffeination rates associated with cell free extracts were then normalized to the amount of cells that were actually lysed in the preparation, as intact cells were removed from the lysate as part of the preparation procedure. These values could then be compared to the results associated with resting cell caffeine degradation rates that had been normalized with respect to the mass of cells used. From the caffeine degradation experiments, it was found that resting cells were able to degrade caffeine 12 times faster than cell free extracts at 22 • C, yet at 50 • C resting cells and cell free extracts exhibited similar caffeine degradation rates (Fig. 5) . At 22 • C, resting cell caffeine degradation rates dropped by 11% in 1 h, while cell free extract caffeine degradation rates decreased by 95% over the same period of time (Fig. 6) . At 50 • C, resting cell caffeine degradation rates slowed down by 17% in 1 h, while cell free extract caffeine degradation rates were diminished by 99% in only 15 min (Fig. 7) .
Analysis of the cell free extract of P. putida IF-3 by SDS-PAGE revealed a prominent band 40 kDa in size. This protein is of similar size to the ones previously reported for cell free extracts from other P. putida strains capable of degrading caffeine, and is most probably associated with the demethylase enzyme [3, 5, 26] . However, it was surprising to find that caffeine degradation rates were 55 times higher than those previously reported [5] . There are a number of likely explanations for this. First, the strain of P. putida used in this study (P. putida IF-3) was different to the strain used by Sideso et al. (P. putida KD6) [5] . Even though the over expressed proteins were of similar sizes in both organisms, it is certainly possible that differences in the protein structure could give rise to differences in activity. Second, Sideso et al. [5] used sonication to disrupt cells, while fluid shear was employed as a lysis method for this study. It is plausible that lysis by nebulization affected the activity of the caffeine demethylases to a different extent.
Caffeine degradation results (Fig. 5) showed that when compared on the same basis, resting cells of P. putida IF-3 degraded caffeine at a faster rate than the cell free extracts in the 22-42 • C interval; however, degradation rates appear to be very similar at 50 • C (Fig. 5) . The environment within the cells is expected to be more favorable for the caffeine demethylase enzymes. Indeed, after cell lysis, a 60% reduction in caffeine degradation rates was observed (Fig. 8) . One possible explanation for the observed loss in activity is the change in chemical environment after cell lysis. However, the cell disruption mechanism itself may have also been responsible for the observed loss of activity after lysis. Even though little is known about cell disruption by nebulization, the atomization of the cell suspension by the BioNeb results in significant shear, possibly enough to cause enzyme deactivation [27] .
The process of removing the cell debris was also found to influence caffeine degradation rates. Separation by filtration resulted in a decrease in caffeine degradation rates by 30% at 22 • C (Fig. 8) . A reduction of 17% was realized when centrifugation was employed (Fig. 8) . One possible explanation for this difference is the induced shear stress on the lysate associated with each separation method: filtration would induce higher fluid stress than centrifugation.
Regardless of the separation method, cell free extracts were found to deactivate more quickly than resting cells (Fig. 6 ). This finding is in accordance with the rapid deactivation of cell free extracts reported previously [3, 5] . It is known that certain substances within the cell serve to preserve activity [18] . It is possible that these species were removed during the filtration process, but were not recovered with the lysate during centrifugation. This could explain the differences in stability noted between the two preparation methods (Fig. 6) . Centrifuged cell free extracts, being more turbid than filtered cell free extracts, could have stabilized the demethylases, perhaps through hydrophobic interactions with left over membrane fragments.
The maximum growth rate for the P. putida grown on caffeine as the sole source of carbon and nitrogen has been reported to occur between 25 and 30 • C [12, 16] . In the current work, caffeine degradation rates reached a maximum near 30 • C for resting cells (Fig. 5) . A substantial drop in caffeine degradation rates occurs for resting cells over the temperature range between 33 and 50 • C. In the literature no growth has been reported at 40 • C, and death of P. putida IF-3 has been reported to occur at 60 • C [16] . These results suggest that the processes responsible for caffeine degradation in reproducing cultures are directly influenced by temperature, and the inability of the cells to grow is related to the loss of function of the cells to metabolize caffeine.
Although the initial activity of resting cells showed a strong dependence on temperature (Fig. 5) , the system was quite stable. The relative decrease in activity was quite small: in 1 h, 11% activity was lost at 22 • C (Fig. 6 ) while a 17% reduction was measured at 50 • C (Fig. 7) .
Increasing temperature did not affect cell free extract caffeine degradation rates in the same manner as it affected resting cells. Caffeine degradation rates measured immediately after cell free extract preparation augmented with increasing temperature, even above the optimal growth temperature (30 • C) (Fig. 5) . Similar behavior has been reported for several enzymatic systems of other strains of P. putida, where key enzymes remained active up to 60 • C [28, 29] . From our results it is plausible that activation occurred at a faster rate than deactivation, possibly explaining the rise in initial rates with increasing temperature (Fig. 5) . However, the relative deactivation rate of cell free extracts was four times faster at 50 • C than at 22 • C (Figs. 6 and 7) , indicating that while initial activity increases with increasing temperature, stability of the enzyme is highly compromised after prolonged exposure to high temperatures.
Conclusion
Cell free extracts from P. putida IF-3 were found to degrade caffeine at least 55 times faster than previously reported cell free extracts of other caffeine degrading strains of P. putida. Cell free extracts prepared by centrifugation were found to be almost three times more active that filtered cell free extracts at 22 • C. In addition, the cell debris separation method appeared to influence the stability of cell free extracts. Between 22 and 50 • C, resting cells of P. putida IF-3 were one order of magnitude faster than cell free extracts, at degrading caffeine; however, resting cell activity dropped above 40 • C, and at 50 • C both systems had equivalent caffeine degrading activity. As temperature was raised between 22 and 50 • C, cell free extract caffeine degradation rates increased, yet stability of the extracts was compromised, and activity practically disappeared in 15 min, at 50 • C. Finally, resting cells were significantly more stable than cell free extracts, retaining their ability to degrade caffeine even at elevated temperatures.
